Laterally driven linear electrostatic micromotors have been fabricated by standard surface micromachining. We attempt to employ mechanical leverage with the aim to increase the force from the order of 1 µN up to the order of 0.1 mN, in combination with walking motion to increase the stroke to virtually unlimited. Three designs have been made and tested. We conclude that mechanical levers with proper stiffness characteristics to be driven by electrostatic actuators are feasible. Friction as a function of the applied electrostatic clamp force has been measured, showing that there is a significant adhesion in the clamps. Walking motion has been successfully generated in one of the designs, generating a stroke of 15 µm and a force of 3 µN. Improvement of the clamping is needed to benefit from the implemented levers to increase the generated force.
Introduction
Electrostatic actuation is an attractive method in silicon microstructures, because of the high-energy densities possible and relative simplicity of the required structures. Typical surface micro-machined single-stage linear electrostatic actuators [1] produce a small force (a few micronewtons) and have a limited stroke, up to a few tens of micrometres [2] . To increase both the generated force and stroke walking motion in combination a mechanical lever can be employed. This has been implemented for normally driven (perpendicular to the wafer surface) electrostatic actuators [3, 4] . Compared to laterally driven (in the plane of the wafer surface) walking motors [5] [6] [7] , the normally driven walking motors have the disadvantage of a more complicated fabrication process. In this paper we focus on the development of a laterally driven walking motor employing leverage to increase the force. The aim is to generate a force of at least 0.1 mN and a stroke of more than 10 µN. Three designs have been implemented and tested. Design A has integrated clamp and propulsion actuation. Design B has separate clamp and propulsion actuators, in order to have better control over the motions and forces. It does not contain a lever and was designed to test merely walking motion. Design C has separate clamp and propulsion actuators and contains levers to increase the propulsion force.
Design A: integrated clamp and propulsion actuators
Design A consists of a shuttle which is moved by four drive beams. The drive beams operate in pairs (figure 1), and serve simultaneously as clamp and propulsion actuators. The drive beams are activated by applying a voltage difference between the beams and the shuttle. A silicon nitride insulating layer on the sidewalls of the structures is applied for this purpose. Figure 2 shows the definitions of the variables in the energy model. For voltage control, the force F ext balancing the generated force can be calculated from the derivative to x of the Legendre transformed energy function W (x, U). If only the electrical energy is accounted for, the expression for the force becomes where L is the length of the drive beam, a is the attached length, x is the displacement of the beam tip by contraction, and F ext is the external force exerted on the shuttle to make the balance. The minus sign has been added because the force is pointing towards −x. The capacity C(a) can easily be calculated for a small ratio d 1 /(b − a), by integration of infinitesimal parallel plate elements
Energy model of the electro-mechanical transduction
where t is the height of the structure, ε 1 is the permittivity of air and ε 2 is the permittivity of the silicon nitride. The contraction x of the beam is found by simple geometry calculation. For
A combination of equations (1), (2) and (3) yields an expression for the generated force 
and ε 2 = 7.5 ε 1 (silicon nitride). For these parameters the produced force is more than the required 0.1 mN. Considering the slip between the drive beams and the shuttle in the initial stage of attachment, the contraction of the drive beams is an upper limit for a single step size. Therefore, for a = 100 µm the single step size will be smaller than 40 nm. In the calculation of the produced force we assumed that the clamp force is large enough to have no slip between the drive beams and the shuttle. This is certainly not true for small attachment lengths. The clamp force as a function of the attachment length is calculated in the next paragraph.
Calculation of the clamp force
The clamp force can easily be estimated by assuming that electrostatic forces only act in the attached region. Under this assumption the clamp force increases linearly with the attachment length. The clamp force of two drive beams is given by
where d 3 is the effective air gap thickness in the attachment region, for example due to surface roughness, and ε 3 is the permittivity in the air gap. The maximum clamp force is found for d 3 = 0 and is given by
For
5 ε 3 (silicon nitride) and a = 100 µm, the clamp force of two drive beams equals 0.3 mN at U = 10 V applied. If we compare this with the contraction force of figure 3(a) it becomes clear that the friction in the clamp is the limiting factor for the effective motor force. This numerical calculation was done for d 3 = 0. The clamp force is extremely sensitive to a possible small air gap in the attachment region, for example, due to surface roughness. This is illustrated in figure 4 where the normalized clamp force F r = F c /F c-max is plotted as a function of the relative air gap thickness 
Lateral pull-in versus pull-down
The motors are operated by applying a voltage to the drive beams, while the shuttle and the substrate are grounded. For proper operation of the motor, the drive beams should be pulled towards the shuttle (lateral pull-in) and not downwards to the substrate (pull-down) by the electrostatic forces. We have therefore developed energy models to calculate the lateral pullin voltage as well as the pull-down voltage [8] . The lateral pull-in voltage has also been determined experimentally. We therefore only give here the equation for the pull-down voltage U pd U pd = 0.22
where L is the length of the drive beam, t its thickness (height), E 1 the Young's modulus of the polysilicon, E 2 the Young's modulus of the silicon nitride, w 1 half the width of the polysilicon part of the beam, d 2 /2 the width of the silicon nitride at the sidewalls, ε 0 the permittivity of air and g n the gap between the beam and the substrate.
Experiments
Devices have been fabricated using a single-mask, singlepolysilicon layer surface micromachining process. The polysilicon thickness was 5.3 µm, and the sacrificial silicon oxide thickness was 2.3 µm. A 0.15 µm thick silicon nitride was deposited by LPCVD for sidewall insulation. Tests have been done on the motor shown in figure 5 . Dimensions of the realized devices are L = 400 µm, g = 1.5 µm, d 1 = 9.5 µm, d 2 = 0.3 µm and w 1 = 1.1 µm. We measured a lateral pull-in voltage of 6.8 ± 0.1 V, the inaccuracy based on five subsequent measurements. For t = 5.3 µm, a normal gap g n = 2.3 µm, d 2 = 0.3 µm and w 1 = 1.1 µm, equation (7) predicts a pull-down voltage of 18.5 V. It can be concluded that there is a voltage window, between 7 V and 18 V, for which the beams can be laterally driven without pull-down to the substrate. A voltage pattern with an amplitude of 10 V was applied to generate the walking cycle described in figure 1 . There was no movement of the shuttle visible using an optical microscope.
This means that either there were no steps generated at all, or a small number (<5). Two important observations could be made. First, the drive beams were often sticking to the shuttle. As the initial gap between the tip of the beams and the shuttle was 1.5 µm and the stiffness at the tip is 0.05 µN µm −1 , this means that there is a stiction force of at least 0.1 µN. Calculations with an elastic contact model [9] show that this can already be caused by a single asperity contact, assuming that the stiction is caused by absorbed water layers (capillary forces or hydrogen bonds). In this case a typical value for the work of adhesion is γ = 0.1 J m −2 [8] . The adhesion force of a single asperity with radius R contacting in elastic contact with a smooth surface equals 2π · R · γ [9] . Assuming an asperity radius of 1 µm this expression leads to an adhesion force of 0.6 µN. Another cause for the observed stiction can be the electrostatic forces due to charging of the silicon nitride on the sidewalls.
Second, the observed attachment length is small: a < 50 µm with U = 10 V. This means that the clamp force will be much lower than the value calculated with equation (6) for a = 100 µm. Possible causes are the bending stiffness of the drive beams, and the reduced electrostatic contact pressure due to an effective air gap caused by the sidewall roughness. From equation (5) it follows that with an effective air gap thickness of 0.3 µm due to roughness, and a small attachment length a = 10 µm, the clamp force of a pair of drive beams reduces to only 0.8 µN (with 10 V applied).
For the same voltage, the attachment length can be increased by increasing the length of the drive beams, or by making the drive beams narrower. However, both measures lead to increased risk of stiction to the sidewall and are therefore rejected. A solution could be the application of electrical shields underneath activated released parts, in order to reduce the pull-down forces [10] . This then may enable the use of higher driving voltages. More design freedom is offered by a design with separate propulsion and clamp actuators. This approach is followed in designs B and C.
Design B: separate clamp and propulsion actuators
Design B was made with the aim of showing the feasibility of walking motion on the microscale, with a focus on the friction and adhesion in the clamps. We will treat the design briefly. A detailed description of the motor can be found in [6] . The motor consists of two drive units on the opposite sides of the shuttle, which alternately generate a step. Each drive unit consists of a clamp actuator, a pull actuator and a clamp shoe connected to the actuators by connection beams. The motor has been made in a single level of 5.3 µm polysilicon, in a single mask process. Anchored and free structures could be defined by the width of the structures in combination with a timed sacrificial silicon oxide etch step (figure 6).
Actuator design
We have investigated the application of clamps in which all moving parts are kept at the same potential as the substrate in order to avoid the electrostatic pull-down of released structures [11] . Drive voltages are applied to the stator poles of the electrostatic actuators. Therefore, electrical shields underneath moving parts are not required, which saves one mask step compared to, for example [5] . The clamp and pull actuators are formed by arrays of gap-closing parallel plate capacitors (figure 7). The gap-closing actuator arrays combine high-energy density by means of multiple small gaps, with a large change of the actuator volume per unit deflection. This combination explains the relatively high output force of this type of actuators. The external force F ext making equilibrium is given by the derivative to x of the Legendre-transformed energy function,
where q is the charge stored in the capacitor. This yields
where d 1 is the forward initial gap, d 2 is the backward initial gap, A f is the forward active area, A b is the backward active area, U is the applied voltage, ε is the permittivity of air, x is the actuator deflection and k is the suspension stiffness. If the electrostatic attraction force increases faster with x than the restoring spring force, then pull-in occurs and the actuator makes a full stroke. The maximum stroke of each actuator is limited by a bumper that protects it against short circuit by collision of the plate (figure 7).
Walking experiments
We have successfully generated walking motion with the motor shown in figure 8 by applying the voltage pattern of figure 9 to the clamp and propulsion actuators, at a cycle frequency of 1 Hz and an amplitude of 40 V. Steps have been added to obtain a total displacement of 15 µm, limited by the shuttle suspension. Based on the geometry of the shuttle suspension, this corresponds with a generated force of 3 µN. The effective step size decreased from 2 µm to zero with increasing shuttle displacement due to a slip in the clamp on the right-hand side in figure 8 . This was caused by the sideward displacement of the shuttle as a consequence of the linear guidance used. This sideward displacement increases the forward gap d 1 − x and hence reduces the clamp force. Figure 10 shows a picture taken from the video of the motor in operation. Note the deflection of the shuttle suspension.
Friction experiment
Friction versus load has been measured using a single drive unit of design B by pushing its clamp shoe against a fixed wall with a defined normal force, and measuring the lateral (pull) force needed to induce a slip. Figure 11 shows the measured pull voltage squared as a function of the applied clamp voltage squared. The graph suggests that there is a linear relation between the friction force and the applied clamp force. To include a possible adhesion load, we use the following linear approximation for the friction force F f as a function of (external) load L [12] :
in which µ is the friction coefficient and F 0 a is the apparent zero load adhesion force. Note that the adhesion load is also accounted for in µ, as the number of contact points and hence the adhesion load increases with increasing L.
Using accurately measured actuator dimensions, the measured voltages squared have been transformed into forces by applying equation (8) . The experiment has been carried out using a clamp actuator with 30 plates, and a pull actuator with 15 plates, each plate having an active area of 100 × 5 µm 
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and d 2 = 6.2 ± 0.2 µm. The shoe was clamped to the wall while the pull actuator was in rest. Therefore, x = 0 in equation (8) , and the effective pull force is given by
. In the measurements the pull voltage was gradually increased until the slip occurred. We take this voltage to calculate F f = F pull .
After transformation of the measured clamp and pull voltages into forces, the measured F f (L) can be represented in the form of equation (9) with µ = 0.7 ± 0.3 and F 0 a = 2.0 ± 1.3 µN. From the value of F 0 a it can be concluded that there is a significant adhesion force, even between the rough sidewalls. A detailed analysis of the measured friction, including the influence of the surface roughness is given in [12] .
Conclusions
In conclusion, with concept B we succeeded in generating walking motion using separate and external clamp and propulsion actuators. We measured the friction as a function of the applied clamp force by using an electrostatic drive unit. The experiment indicates that there is a significant adhesion force, in the order of magnitude of 1 µN, even between the rough polysilicon sidewalls.
Design C: separate clamp and propulsion actuators, using levers to increase the force
In design B the generated force was low, smaller than 10 µN with a 40 V driving voltage. Our aim for the laterally driven motors is to generate at least 0.1 mN at 50 V. We have, therefore, tried to increase the generated forces using leverage. Similar to design B, design C is based on two drive units on opposite sides of the shuttle that alternately generate a step.
Design of the clamp actuator
Implementing a lever between the propulsion actuator and the clamp shoe is rather straightforward. However, implementing a lever between the clamp actuator and the clamp shoe turned out to be the central problem. Including a lever increases the force but decreases the stroke generated by the clamp actuator. The gap between the clamp shoe and the shuttle is determined by the resolution of the photolithography, and cannot easily be made smaller to be in accordance with the decreased stroke. Possible solutions are:
1. A changing transformation ratio (figure 13). Initially the differential output stroke dx is large with a small force ratio F clamp /F act , finally the stroke is small with a large force ratio. The main difficulty is to match the total stroke x exactly with the gap to be closed. 2. Application of a pre-tense force, usually a spring force (figure 14). Either one of the two clamp shoes is clamped to the shuttle by the pre-tense force. The actuator with lever only has to generate a small (but forceful) relative displacement of the clamp shoes to change the active shoe. The main difficulty is how to generate the pre-tense force. 3. Generation of the clamp force in the clamp interface. The clamp force is generated by applying a voltage difference U c , across a thin insulating silicon nitride layer covering the sidewalls of the clamp shoe and the shuttle. The undoped region in the polysilicon is included to electrically separate the clamp shoe and the rest of the moving structure. This enables the grounding of the largest part of the moving structure as well as the shuttle, which is required to avoid electrostatic pull-down. F prop is the propulsion force acting on the clamp shoe to generate the step. The solution that we chose is to generate the electrostatic clamp force in the clamp region, by applying a voltage difference across a thin silicon nitride insulating layer on the sidewalls of the clamp shoe and the shuttle, in combination with a pre-clamp actuator to bring the clamp shoe close to the shuttle ( figure 12) . A pull-down force is caused by the voltage difference between the clamp shoe and the grounded substrate. To keep it small we created an insulating region in the polysilicon of the moving part by selective doping, in order to be able to keep the larger part of the moving structure on ground potential. This way, the clamp potential U c is only applied to the clamp shoe. A doping mask width of 30 µm was enough to prevent the Boron from diffusing fully underneath the masked region [8] . The size of the clamp shoe (the area of the contacting sidewalls) was designed at 5 × 50 µm 2 . In combination with a total silicon nitride insulator thickness of 0.3 µm, equation (6) predicts an available clamp force of 3.5 mN at 50 V applied.
Design of the propulsion actuator
For the propulsion actuator the intended force to be generated is 0.1 mN. The intended step size is 50 nm. Several concepts for the implementation of a lever have been investigated [8] . The implemented concept is a gap-closing actuator in combination with a lever having a constant transformation ratio (figure 15). Assuming a generated step of 2 µm at the actuator side of the lever, and a step size of 50 nm at the output side of the lever, a transmission ratio r = x out : x in = 1:40 is required. To generate an output force of 0.1 mN a force of 0.1 mN/40 = 2.5 µN is required at the lever input. Extra force is needed because of the stiffness of the actuator suspension and the elastic joints of the lever. The input stiffness of the lever due to the bending stiffness of the elastic joints has been calculated in order to show the feasibility of the lever in combination with an electrostatic actuator. By choosing the lengths of joints 1 and 3 larger than the length of joint 2, joint 2 has the largest stiffness in the y-direction and it can be assumed that the centre of rotation is located halfway to joint 2. In this case the transformation ratio x out : x in = l out /L (figure 15), and the input stiffness of the lever is given by [8] 
where l i is the length of joint i, E is Young's modulus, L is the length of the lever and w lever is the width of the lever. Furthermore, I i = t · w i 3 /12 is the moment of inertia of joint i, with t the height of the joints and w i the width of joint i. To obtain r = 1:40 we chose L = 400 µm and l out = 10 µm. For the joints J 1 , J 2 and J 3 having a width of 2 µm, a height of 5 µm and a length of 50, 10 and 50 µm respectively, the input stiffness of the lever equals 1.0 µN µm −1 (E = 150 GPa). This input stiffness is low enough to be driven by a surface micromachined electrostatic actuator. We also calculated the output stiffness of the lever, caused by the bending of the lever arm and the elastic elongation of the joints. For the dimensions mentioned and a width of the lever arm of 40 µm, the output stiffness is dominated by the elastic elongation of the joints, and is given by [8] 
With the dimensions chosen the output stiffness equals 23 × 10 3 µN µm −1 . For a 0.1 mN load this results in a 4 nm deflection at the lever output, which is small compared to the 50 nm step size.
In the final design, the shape of the lever has been slightly changed, in order to obtain an area-efficient configuration. Figure 16 shows the layout of a complete motor with two drive units at both sides of the shuttle.
Fabrication
All three designs have been realized by surface micromachining in a single layer of polysilicon. Here, we describe the fabrication of design C, as this is the most extensive process. It includes steps to create an insulating layer on the sidewalls, as well as insulating mechanical connections. Motors of concept C are fabricated in a threemask surface micromachining process [8] . In the first-mask step alignment marks are etched in the bare wafer surface by reactive ion etching (RIE). The applied etching process is tuned to roughen the wafer surface, which may help to reduce stiction. Next, the 2.3 µm thick sacrificial silicon dioxide layer is grown by wet oxidation. Then a 5.3 µm polysilicon structural layer is deposited by low-pressure chemical vapor deposition (LPCVD). On top a 0.5 µm silicon dioxide mask layer is deposited by plasma enhanced CVD (PECVD). Then the silicon dioxide is patterned to mask the regions which should not be doped with Boron. After Boron doping using a solid source, the mask is removed and a new silicon dioxide layer (1.2 µm) is deposited by PECVD. This layer is used to enclose the doped polysilicon during the 3 h post-anneal (1100
• C, under nitrogen flow), which is needed to obtain a uniform distribution of Boron in the polysilicon layer. In the third mask step, the oxide mask is patterned and the polysilicon is structured by RIE. Next, a 0.16 µm silicon nitride layer is deposited for sidewall insulation. It is removed from horizontal planes by directional RIE. A short HF dip preceded the silicon nitride deposition in order to create small anti-stiction spacers underneath the polysilicon structures [11] . In the final step the sacrificial oxide is etched in 50% HF using timed etching to keep wide structures anchored (figure 6). Freeze drying is employed to remove the liquid from the wafer, while avoiding capillary forces which would pull down released structures. Figures 17 and 18 show SEM photographs of the fabricated motors.
Testing of the clamps
Static friction has been measured according to the following procedure: The shuttle is displaced by hand using a probe needle, and a high enough voltage is applied to keep the shuttle at the same position. Then the clamp voltage is reduced until the shuttle starts to slide. This voltage we call the critical voltage. The shuttle displacement and the stiffness of the shuttle suspension are a measure for the friction force, the critical voltage is a measure for the applied clamp force. Figure 19 shows the measured shuttle displacement versus the critical voltage U crit squared. Because of the spread in the measurement results, the experiment was repeated three times, yielding a maximum and a minimum curve for the displacement versus the critical voltage squared. We compare the measured friction force with the calculated force for 50 V applied. For perfectly smooth and parallel clamp surfaces, equation (6) gives a value of 3.0 mN for the clamp force generated in the clamp interface. The pre-clamp actuator generates 17 µN, calculated by equation (8) . Part of the generated force is needed for the elastic deformation of the clamp suspension, the pre-clamp actuator suspension and the force transmitter ( figure 16 ). Based on a total stiffness of 8.8 µN µm −1 and an intial gap between the clamp shoe and the shuttle of 1.8 µm, this force equals 16 µN. Therefore, the effective calculated clamp force equals 3.0 mN. Assuming a friction coefficient µ = 0.5 the calculated friction at a clamp voltage of 50 V equals 1.5 mN. This is much larger than the measured friction force at 50 V applied: For U 2 crit = 2500 V 2 the measured friction force is given by the shuttle displacement times the suspension stiffness = (14 ± 2 µm) × 2.7 µN µm −1 = (4 ± 1) × 10 1 µN. The most plausible explanation for the discrepancy is the existence of an effective air gap between the insulator layers of the clamp shoe and the shuttle, due to surface roughness and non-parallel contact surfaces. The discrepancy between the measured and the calculated friction force can be explained by a 0.27 µm effective air gap, which seems to be a reasonable value for the sidewalls of RIE-etched polysilicon structures. In the previous calculation we have neglected possible adhesion forces in the clamp. Including the adhesion would lead to an even larger estimated effective air gap. The measured friction at 50 V applied is smaller than the required 0.1 mN; however, it is large enough to test the motor.
Walking experiments
Walking motion has been tested by applying the voltage sequence as shown in figure 9 , with an amplitude of 65 V. Using an integrated strain meter with a 50× amplification, it was visible that the generation of the first step was successful. We estimated that the strain meter deflection was in the range of 1-3 µm. This is in accordance with the 50× amplification of the strain meter, and the designed 50 nm step size. It turned out not to be possible to add a second step. When the second clamp hit the shuttle, apparently the first clamp released the shuttle for a short while, and the shuttle returned to its initial position. This process could be confirmed by the following experiment: First, we introduced a large displacement to the shuttle by means of manipulation with a probe needle (several micrometres). Next, we activated first clamp and made sure that the friction was large enough to keep the shuttle in place. Then we activated the second clamp. Again, the impact of the second clamp resulted in a loss of the deflection of the shuttle. Probably, the incoming clamp gains a significant momentum, because it is activated by gap-closing actuators operated beyond pull-in. Regrettably, we have not been able to solve this problem. For a redesign we recommend investigation of the use of the second proposed clamping mechanism, which is based on a pre-tense force.
Summary, discussion and conclusions

Summary
Experiments show that for concepts A and C, in which the clamp force is generated by applying a voltage difference across the insulating sidewalls in the clamp interface, the clamp force is lower than expected. This is caused by surface roughness and/or non-parallel clamp surfaces, leading to an effective air gap. It was shown by a simple model that the clamp force decreases rapidly with increasing air gap thickness. For design A, the clamp force was too weak to generate walking motion. To have better control over the clamp and the propulsion force we decided to separate the generation of the two forces. With design B basic walking motion has been successfully realized, and steps have been added to obtain a total stroke of 15 µm (at 40 V). Based on the stiffness of the shuttle suspension this corresponds to a generated force of 3 µN. Using the drive unit of concept B we measured adhesion and friction in the clamps. Although the sidewalls are rough and the number of contact points is probably low, the adhesion is still noticeable, in the order of 1 µN. In design C we included levers to increase the propulsion force and to reduce the step size. Sub-micrometre step generation has been experimentally confirmed. Walking motion failed because the impact of an incoming clamp disturbs the active clamp, losing the stroke of the previous step. A redesign with a focus on the clamp function is needed to benefit from the implemented levers to generate a large force.
Comparison with other reported experiments
Baltzer et al [7] use external clamp and propulsion actuators. They report a generated force larger than 1 µN driven at 30 V, and a maximum produced displacement of 110 µm. The displacement is significantly larger than we could generate. The explanation for this is that Baltzer et al used three polysilicon layers to create a slider held by bearings and without suspension. Yeh et al [5] used a slightly different configuration. The clamp force was generated by applying a voltage difference between the clamp shoe and the shuttle. Because electrostatic shields were needed, two polysilicon layers have been used. Their motor generated 6.5 µN at 35 V applied, and generated displacements up to 40 µm. Both the force and the displacement are comparable to our results with concept B.
Conclusions
From the work presented here the following conclusions can be drawn:
1. Walking motion in laterally driven MEMS mechanisms is feasible. 2. Adhesion in the clamps is noticeable but can be kept low enough to be dominated by the generated electrostatic clamp force. 3. Mechanical levers with proper stiffness characteristics to be driven by electrostatic actuators are feasible. 4. Electrostatic clamping with the force generated across an insulating layer on the sidewalls is very sensitive to an effective air gap in the clamp interface. In practice it is hard to obtain reliable large force clamping in combination with low stiction forces in the clamp. 5. The closure of the initial gap in the clamps by means of gap-closing electrostatic actuators generates an impact, which disturbs the already active clamps. 6. Therefore, continuing research should focus on how to obtain reliable large force clamping.
